Progesterone elevation (PE) on the day of hCG trigger is associated with decreased pregnancy outcome in fresh cycles. Evidence for this comes from overall patient estimates that mostly ignore different ovarian responses. To compare the impacts of PE on the day of hCG trigger on live birth rates (LBs) in low, intermediate and high ovarian responders and to explore the cut-off value for PE in different populations according to the ovarian response, we retrospectively analyzed a total of 2,351 patients receiving fresh assisted reproduction technology (ART) transfer cycles with GnRH agonist using a long or short protocol. Trend and multivariate logistic regression analyses were performed to identify the cutoff values of PE and to evaluate the effects of PE on LB rates (LBRs) in different ovarian responders. The study found that PE has a detrimental effect on LBRs in low to intermediate ovarian responders rather than in high responders. The cut-off values for PE were 1.0 ng/mL and 2.0 ng/mL for low and intermediate ovarian responders, respectively. The different associations between PE and LBRs according to ovarian response could more accurately predict the prognosis of the IVF cycle and could be used to optimize the treatment of patients undergoing In Vitro Fertilization (IVF)/ Intracytoplasmic Sperm Injection (ICSI).
Despite routine suppression of endogenous gonadotropins by gonadotropin-releasing hormone (GnRH) agonists, serum progesterone elevation (PE) on the day of human chorionic gonadotropin (hCG) trigger has been reported in controlled ovarian stimulation (COS) cycles in not only short protocols but also long protocols. The occurrence rates of PE have been reported to be 13% to 46% of in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) cycles with GnRH agonists 1, 2 . However, the possible effects of these subtle progesterone increases on pregnancy outcomes are controversial. Most studies have advocated that PE on the day of hCG trigger adversely affects pregnancy outcome [3] [4] [5] due to its detrimental effect on the endometrium 6, 7 or the compromised quality of the oocyte 8, 9 . A recent publication showed that the live birth rates (LBRs) were significantly lower in patients with both low (≤0.05 ng/mL) and high (≥1.5 ng/mL) progesterone levels on the day of hCG trigger 10 . However, the unfavorable effect of PE has not been found in other studies [11] [12] [13] . For most studies, the role of PE on the day of hCG trigger on pregnancy rates has been estimated through simple bivariate analyses, which are unable to control for confounders such as the number of oocytes, female age, or body mass index (BMI), and the available studies may actually underestimate the true effect of PE on pregnancy rates 14 . Furthermore, these varying results may also be attributed to the use of different arbitrary cut-off levels.
However, the effect of ovarian response on the association of PE with the probability of pregnancy outcomes remains unclear. Recent studies have shown that serum progesterone level is positively associated with ovarian . Some studies have found that PE on the day of hCG trigger negatively influences pregnancy outcomes regardless of different ovarian responses, although in high responders at higher progesterone levels 3, 15 . However, a more recent study reported that PE on the day of hCG trigger decreases the likelihood of pregnancy in low to normal responders, rather than in high responders 13 . It has been demonstrated that PE is associated with a higher number of oocytes 15, 17 ; more oocytes might indicate more available embryos, whereas fewer oocytes might indicate embryos that already have diminished implantation potential 6 . Thus, we believe that different ovarian responses might play a modulating role on the effect of PE on pregnancy outcomes. It is reasonable and important to assess the relationship between serum progesterone level and IVF/ICSI outcome according to different ovarian responses.
Hence, the aim of this study was to investigate the relationship between serum progesterone level on the day of hCG trigger and LBRs in patients with different ovarian responses. Moreover, the secondary aims were to identify the thresholds at which PE has a detrimental effect on LBRs in different ovarian responders and to explore the possible factors related to PE.
Results
Patient characteristics. The characteristics of the sample analyzed in this study are presented in Table 1 . In the 2,351 patients undergoing their first IVF/ICSI cycles, there were 358 low ovarian responders, 1,649 intermediate ovarian responders, and 344 high responders. The basal FSH levels in these three groups were 7.28 ± 1.70, 6.99 ± 1.73, and 6.57 ± 1.73 IU/L, respectively. Several causes of infertility were present, including tubal factor endometriosis, PCOS, male factor, unexplained infertility, and mixed factors. Table 2 presents the outcome of COS, fertilization, and ET. The gonadotropin dose was significantly different between the groups and was the highest in low ovarian responders (1929.52 ± 746.47 IU) and the lowest in high ovarian responders (1682.63 ± 669.46 IU) (P < 0.01). Significantly higher levels of serum progesterone E 2 on the day of hCG trigger and more oocytes were retrieved in high ovarian responders. Compared with low ovarian responders, more oocytes were fertilized, and more good-quality embryos were implanted in intermediate and high ovarian responders. However, the rate of good-quality embryos did not reach statistical significance between the groups. The clinical pregnancy rates, implantation rates, and LBRs were 22 Relationships between serum progesterone levels and LBRs. Figure 1 depicts the relationships between serum progesterone levels and LBRs in fresh IVF/ICSI cycles. Figure 1a shows that the LBRs in all patients decreased when the progesterone level was ≥1.0 ng/mL, and the same trend was observed in low ovarian responders (Fig. 1b) ; in intermediate ovarian responders, the decreased LBRs appeared only under the condition of progesterone level ≥2.0 ng/mL (Fig. 1b) . However, the analysis failed to identify a detrimental progesterone cut-off value in high ovarian responders (Fig. 1b) .
The OR (95% confidence interval [CI]) for LBR for each group compared with the lowest progesterone group is listed in difference was observed when the 1.0-1.5 ng/mL group was compared with the <1.0 ng/mL group (25.7% vs 20.8%, P = 0.028) in the overall study group. In the low ovarian response group, the difference was statistically significant between the 1.0-1.5 ng/mL and the <1.0 ng/mL intervals (P = 0.024); in intermediate ovarian responders, the differences were statistically significant between the 2.0-2.5 ng/mL and <1.0 ng/ml intervals (P = 0.004) and the 2.0-2.5 ng/mL and the 1.5-2.0 ng/mL intervals (P = 0.047), respectively. In high ovarian responders, although the LBRs decreased numerically with progesterone ≥1.5 ng/mL, no statistically significant differences were observed between the 1.50-1.99 ng/mL and <1.00 ng/mL intervals (OR: 0.447; P = 0.07) and the 1.5-2.0 ng/mL and 1.0-1.5 ng/mL intervals (OR: 0.839; P = 0.314). These data suggest that a serum progesterone level of 1.0 ng/ mL or 2.0 ng/mL may represent the cut-off value to define PE where there was a detrimental effect of progesterone on LBRs in patients with low or intermediate ovarian response, respectively, but no detrimental progesterone cut-off value was identified in patients with a high ovarian response. www.nature.com/scientificreports www.nature.com/scientificreports/ Considering potential factors that might influence LBR, multivariate logistic regression analysis in different ovarian responders was conducted separately. The results confirmed that the progesterone level had a negative effect on LBR in low and intermediate ovarian responders, but not in high ovarian responders (Table 4 ).
Multivariate analysis of factors involved in PE.
After all of the variables were included in the multivariate regression analysis, we identified ten possible factors related to PE that indicated that in all three ovarian responders, the E 2 and LH levels on the day of hCG trigger were all associated with PE ( Table 5) .
Results of comparisons between subgroups.
Demographic and clinical characteristics were compared among the subgroups within the low ovarian responders (Table 6 ) and the intermediate ovarian responders (Table 7 ).
In the low ovarian responders, BMI was higher in the <1.0 ng/mL subgroup than in the ≥1.0 ng/mL subgroup. Female age, basal FSH level, duration of infertility, duration of COS, gonadotropin dosage, endometrial thickness on the day of hCG trigger, number of oocytes retrieved, 2PN oocytes, good-quality embryos/rate, at least one good-quality embryo transferred rate, and number of embryos transferred and frozen did not differ significantly between the two subgroups (Table 6 ). When serum progesterone was elevated, the serum LH, E2 levels, and the number of oocytes retrieved were increased; however, the clinical pregnancy rate (10.10% versus 27.03%, p = 0.01), implantation rate (5.36% versus 18.93%, p = 0.001), and LBR (6.06% versus 20.46%, p = 0.001) were significantly decreased.
In the intermediate ovarian responders (Table 7) , patients without PE (<2.0 ng/mL) or with PE (≥2.0 ng/mL) were similar regarding female age, basal FSH levels, duration of stimulation, total dose of gonadotropin, endometrial thickness, 2PN oocytes, good-quality embryos/rate, at least one good-quality embryo transferred rate, and number of embryos transferred and frozen. The larger number of retrieved oocytes and higher serum LH and E 2 levels observed in the ≥2.0 ng/mL subgroup may indicate that this subgroup had a better ovarian response. However, this subgroup had significantly lower clinical pregnancy rate (17.6 4% vs. 34.19%, p < 0.001), implantation rate (8.78% vs. 20.09%, p < 0.001), and LBR (11.2 3% vs 25.79%, P = 0.001) compared with the <2.0 ng/mL subgroup. In addition, BMI was significantly higher in the <2.0 ng/mL subgroup (21.82 ± 2.88 vs 20.89 ± 2.58, p < 0.001).
Discussion
At present, for the high progesterone population, the common practice is to cancel the fresh ET and freeze-all to achieve a good pregnancy outcome in subsequent frozen ET (FET) cycles. This approach is simple, but is it appropriate for every patient? To test this question, we retrospectively analyzed the LBRs of PE for different populations according to ovarian responses.
The current studies showed that low LBRs are only associated with serum PE in low and intermediate ovarian responders rather than in high ovarian responders. The thresholds for serum PE were 1.0 ng/mL and 2.0 ng/mL, respectively, for low and intermediate ovarian responders. However, the analysis failed to identify a detrimental cut-off value in high ovarian responders. This finding strongly suggests that LBRs should be considered in association with the PE and ovarian response; it should be adopted a more accurate estimation of the real impact of PE on the LBRs in the IVF cycle is needed and could provide a reference for clinical management decisions for patients with PE.
The effect of PE on the hCG trigger day remains uncertain, although large amounts of observational data have been published 2, [8] [9] [10] 18 . Controversy remains due to the distinct definition of PE, the different statistical methods used, the different characteristics of patients recruited, and the retrospective nature of studies analyzing the relationship between PE and clinical outcomes 19 . More recently, Venetis et al. 14 strongly suggested that a multivariable approach should be used to more accurately predict the real effect of PE on the LBR of patients after IVF treatment. Multivariate regression analysis aims to eliminate the influence of confounding factors or other forms of deviation from mathematics, to better approach the real influence of independent variables on dependent variables 20, 21 . However, no matter which method is used, most scholars believe that the adverse effects of serum PE on the IVF/ICSI outcome are consistent 3 . The pathogenesis of serum PE in GnRH agonist cycles is complicated. Despite the elimination of the LH surge in 95% to 98% of patients since the introduction of GnRH 22, 23 , PE is still a frequent phenomenon in ovarian stimulation cycles. Most of the studies have been conducted in GnRH agonist long protocols or/and GnRH antagonist protocols 3,4,13,15, 24, 25 . The occurrence of PE and its effect on clinical outcomes in short protocols have been poorly www.nature.com/scientificreports www.nature.com/scientificreports/ understood, with few papers published before now 19, 26 . To the best of our knowledge, the current study included the largest number of patients (n = 1922) treated with a short protocol, strengthening the reliability of our conclusion. The results of our multivariate analysis showed that LH and E 2 levels on the day of hCG trigger were correlated with PE in all ovarian response groups. The LH and E 2 levels on the day of hCG trigger were markedly higher in the PE group than in the non-PE group. In contrast, a recent study by Koo et al. 27 showed that the LH level was markedly lower in the PE group than in the non-PE group. This discrepancy may result from different protocols. In our study, GnRH agonist protocols, mainly short protocols (81.75% of the total study population), were used, and PE might be the consequence of a relatively high LH level resulting from the flare-up effect of GnRH agonist, adding further evidence that LH might also be involved in the occurrence of PE 19 . The elevated P might be attributed to an excess number of follicles, each one producing a normal amount of progesterone for the late follicular phase. Thus, the excess of proliferating granulosa cells leads to an increase in progesterone production independent of LH exposure 28, 29 , with each individual follicle contributing to the collective concentration observed in circulation 30 . Finally, higher serum E 2 levels and numbers of oocytes retrieved were associated with elevated progesterone concentrations 15, 29, 31 . Therefore, it is reasonable to conclude that the level of progesterone at the end of COS depends on the ovarian response, and the patients with high ovarian responses tend to be higher 32 . Despite the fact that the precise mechanism of PE on IVF pregnancy outcome is unclear, endometrial receptivity and embryo quality are two key factors to the success of implantation 33 . Most studies 2, 15, 19, 28, 34 have shown that PE affects endometrial receptivity in fresh ET cycles. PE is likely to promote the endometrium without affecting the embryo, leading to the dyssynchrony between the embryo and the endometrium, which may lead to a decrease in implantation rate, thereby reducing the pregnancy rate 7 . Embryo cryopreservation could rescue cycles with PE 35 . Patients with PE could achieve a good pregnancy outcome in subsequent embryo transfer (FET) cycles, and the result was similar to those patients without PE, confirming this theory 2, 15, 34 . There are some limitations and drawbacks in this study. First of all, although we have a large number of patients, and the sample sizes of the long and short protocols were asymmetrical. Due to the methodological restrictions of retrospective design, this asymmetry may lead to certain flaws or bias. Xu et al. showed that progesterone levels affect LBR regardless of ovarian response 15 . Conversely, our research suggests that progesterone does not affect LBR in high responders' group. This may be due to the fact that we have a small sample size. Second, there are certain differences in the downregulation methods, types and dosages of gonadotropins, amounts of hCG for triggering, and the duration of COS. Especially for patients with PCOS, the FSH starting dose is different from others 36, 37 . We cannot clearly know how much these differences will affect the outcome. Third, according to the recent evidences, the supplementation with oral inositol is able to improve oocyte quality and, in this way, also reproductive outcomes of IVF procedures 38, 39 . Transvaginal ultrasound guidance of the transfer significantly increases the percentage of pregnancies 40, 41 . However, since we have not made such these attempts, it is not clear whether there will be any influences in the reference population. Furthermore, although we adopted a multivariate analysis to estimate the relationships between PE and LBR according to different ovarian responses, the characteristics of this retrospective study may lead to a deviation in the interpretation of data 3 . 
Variable Low responders COR (95% CI) AOR (95% CI)

Intermediate responders COR (95% CI) AOR (95% CI)
High responders COR (95% CI) AOR (95% CI)
Methods
Study population and ovarian stimulation. The research project and the protocols were approved by the Medical Ethics Committee of The First People's Hospital of Yunnan Province. The signed informed consent was obtained from all patients. All the data used in the study were collected from patients undergoing routine and standard IVF treatment in a licensed center without any additional intervention. All human study methods were performed in accordance with the relevant guidelines and regulations. Table 6 . Comparisons of clinical characteristics and cycle outcomes in low ovarian responders with and without PE (≥1.0 ng/mL). BMI, body mass index; E2, oestradiol; FSH, follicle-stimulating hormone; Gn, gonadotropin; hCG, human chorionic gonadotropin; LBR, live birth rate; NS, not significant. Values are presented as the means ± standard deviations or counts (%). Kruskal-Wallis test or chi-square test. NS = not significant.
www.nature.com/scientificreports www.nature.com/scientificreports/ This is a noninterventional retrospective analysis of all IVF/ICSI cycles in women who started their first IVF/ ICSI cycles with GnRH agonist treatment in the Reproductive Medicine Centre, the First People's Hospital of Yunnan Province, from January 2008 to March 2011 (after March 2011, the fresh ET and freeze-all were cancelled for patients with progesterone level ≥2.0 ng/ml). The inclusion criteria included the following: women younger than 38 years, basal serum FSH on day 2 < 10 IU/L, day 3 embryo transfer. Only the first stimulation cycle for each woman was considered. No fresh ET was cancelled in the case of increasing progesterone levels. COS was performed in patients using either a short protocol or a long protocol, and other options were ignored.
A total of 2351 IVF/ICSI-ET cycles were performed. Patients underwent COS using either a GnRH agonist short protocol (n = 1,922) or a long protocol (n = 429); the details have been published previously 2 . Briefly, GnRH analogues short protocol was administered from day 2 of menstruation (0.1 mg Diphereline; Beaufour Ipsen, France). Ovarian stimulation started on day 3 with 150-300 IU recombinant FSH/HMG (75 IU Gonal-F; Serono, Switzerland; human menopausal gonadotrophin (HMG; 75 IU; Livzon Pharmaceutical, China). On day 2, prior to administering GnRH analogues, the serum FSH, estradiol and progesterone concentrations were measured, and the recombinant FSH/HMG dose was adjusted according to the ovarian response. Patients were evaluated by ultrasonography and serum estradiol, LH and progesterone concentrations from day 8 until the day of the HCG trigger. Specialized ultrasound technicians monitored the ovarian response by vaginal ultrasonography. HCG (5000 IU per ampoule, Profasi; Serono) 5000-10,000 IU was given i.m. when the two leading follicles reached a mean diameter of 18 mm. Transvaginal ultrasound-guided oocyte retrieval was scheduled 34-36 h after HCG trigger.
For the GnRH analogues long protocol, ovarian stimulations were performed with recombinant FSH/HMG after pituitary downregulation with GnRH analogues. The pituitary suppression was achieved with either daily 0.1 mg triptorelin (Diphereline) from the mid-luteal phase of the cycle preceding the treatment cycle, and after ovarian suppression was achieved, the dose of triptorelin was reduced to 0.05 mg until the day of HCG trigger; or a 1.25-1.875 mg dose of triptorelin (3.75 mg per ampoule Diphereline) was administered on day 21 of the cycle once.
Because this was a retrospective study, no specific criteria for the selection of the stimulation protocol were defined; the choice of COS protocol was made by the treating physician and was largely dependent on the method at the time. Before 2010, the short protocol was prevalent; later, the long protocol was gradually widely used in our center's IVF/COS practice.
Fertilization of the aspirated oocyte was performed in vitro by either conventional IVF or ICSI depending on the semen parameters. Embryo assessment was performed for the number and regularity of blastomeres and the degree of embryonic fragmentation on the cleavage stage; the criteria were described previously 42 . Grade I and grade II embryos were good-quality embryos.
Fresh embryo transfers were performed on day 3 after oocyte retrieval. The additional good-quality embryos were cryopreserved for subsequent FET cycles. The number of embryos transferred ranged from one to three www.nature.com/scientificreports www.nature.com/scientificreports/ according to national regulations. Transferring three embryos was considered only in women older than 35 years. The luteal phase was supported with natural progesterone in oil (Progesterone Injection; XianJu Pharma, China), 60 mg progesterone intramuscularly daily from the day of oocyte retrieval until the 10th week of gestation, if pregnancy occurred.
Outcome variables. The primary outcome variable for this study was LBR, and the secondary outcome variables were clinical pregnancy rate and implantation rate. Live birth was defined as the delivery of a viable infant after 28 weeks of gestation. Clinical pregnancy was defined as the presence of one or more gestational sacs detected by an ultrasound scan performed 5 weeks after embryo transfer. Implantation rate was defined as the number of gestational sacs (both within and outside the uterine cavity) seen on the ultrasound divided by the total number of embryos transferred.
Hormone measurements. Serum progesterone, LH, and E 2 levels were measured routinely prior to initiation (on day 2 to 3 of the cycle), during ovarian stimulation, and on the morning of the day of hCG trigger. Samples were tested using a Beckman-Coulter Unicel DxI 800 Access Analyzer based on chemiluminescence and commercially available kits (Beckman-Coulter, USA). Analytical sensitivity was 0.1 ng/mL for progesterone, 0.2 mIU/mL for LH, and 20 pg/mL for E 2 . Intra-and interassay precision rates at the concentrations, expressed as coefficients of variance, were 9.57% and 11.19% for progesterone, 3.8% and 6.4% for LH, and 12.0% and 21.0% for E 2 , respectively.
Statistical analysis.
Patients were categorized into three groups based on the number of oocytes retrieved: low ovarian responder (<6 oocytes obtained), intermediate ovarian responder (6 to 18 oocytes obtained), and high ovarian responder (>18 oocytes obtained) 13 . To avoid bias of the results by assuming that any relationship between serum progesterone levels and LBRs may be linear, in all three ovarian response groups, patients were then divided into five distinct groups according to their serum progesterone levels on the day of hCG trigger: <1.0, 1.0-1.5, 1.5-2.0, 2.0-2.5, and ≥2.5 ng/mL. The cut-off levels were chosen to provide equal intervals focused around the threshold values used across previous studies 3, 9, 43, 44 . LBRs were calculated for each progesterone interval. To identify the cut-off value of PE, trend analysis was performed using the Xu et al. 15 method. Briefly, the OR and 95% confidence interval (CI) of LBRs for each progesterone interval, compared with the lowest progesterone group, were calculated. Factors related to PE were assessed using a multivariate analysis.
The distribution of continuous variables is expressed as the mean and standard deviation (SD). Categorical variables are presented as proportions and percentages of the total. Student's t-test, one-way analysis of variance (ANOVA) or the Kruskal-Wallis test for continuous data and the chi-square test for categorical variables were used for data analysis. The statistical analysis was performed using the Statistical Program for Social Sciences version 19.0 (SPSS, Chicago, IL, USA). A value of P < 0.05 was considered to be statistically significant.
Conclusions
Our analysis shows that PE has detrimental effects on LBRs in low to intermediate ovarian responders but did not compromise LBRs in high responders. The different associations between PE and LBRs according to ovarian response could more accurately forecast the prognosis of the in vitro fertilization cycle and could be used to optimize the treatment of IVF/ICSI patients. For patients with low ovarian responses, the critical value of PE should be set as 1.0 ng/mL, while for intermediate ovarian responders, the critical value is 2.0 ng/mL. It is necessary to combine the ovarian response and PE value to decide whether to cancel the fresh ET. Regarding high responders, the risk of OHSS should be paid more attention rather than PE on the day of hCG trigger.
Data Availability
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